We synthesized carbon nanotubes (CNTs) from sucrose solution, used as a carbon source, by the liquid-phase arc discharge method, which generates electric sparks between metal electrodes. The quality of the CNTs depends on the molar concentration of sucrose solution because the discharge characteristics vary with its viscosity. When a lower density solution, 0.5 mol/L in this study, was used, the G/D ratio of the generated CNTs was the highest. This result implies that discharge characteristics dependent on solution density play an important role in CNT synthesis in liquid-phase arc discharge. We also examined other saccharides (fructose, glucose, lactose, and maltose) as carbon sources. The results indicated that only sucrose molecules provide CNT precursors.
I. INTRODUCTION
Carbon nanotubes (CNTs) are one of the most attractive materials because they have wide range applications in various fields such as biomedical applications, electronic devices, field emissions, nanoscale probes, polymer composite materials, and quantum wires [1, 2] . To realize their potential applications, it is essential to control the morphology required for their use. For example, there is a desire for shorter CNTs to employ in biomedicine as cell level drug capsules. The recent CNT synthesis technique, a chemical vapor deposition (CVD), can achieve millimeter scale growth [3] [4] [5] , but it seems that the researchers do not prefer to shorten CNT lengths. The surface modification of CNTs must be considered, if they are to be used as drug delivery applications [6] [7] [8] ; however, in vapor-phase growth methods that easily form bundles, modification processes following synthesis and dispersion are complicated and time consuming.
CNTs synthesized by the arc discharge method in water [9, 10] are generally shorter than those produced under vacuum conditions. This method allows us to synthesize CNTs simply and to eliminate the use of expensive apparatus; in addition, discharge environments can be easily changed by using flammable organic liquids such as benzene or toluene, rather than water [11] [12] [13] . The morphology control of the products, however, has not been actively carried out. Furthermore, the employment of volatile solvents is dangerous.
We have attempted to synthesize morphologycontrolled nanocarbon materials in various solvents [14] [15] [16] [17] [18] [19] , based on the arc discharge method [9, 10] . Recently, we found that the shorter CNTs (length: several tens of nm) can be synthesized with sucrose solution as a carbon supplier [18] . The use of sucrose as the carbon precursor has a number of advantages because it is readily available, non-toxic, inexpensive carbohydrate. Under electric discharge-induced plasma treatment, sucrose undergoes a decomposition reaction to form CNTs. It has not yet been clarified which concentration of sucrose solution is most * Corresponding author: nishilab@rs.kagu.tus.ac.jp appropriate to synthesize CNTs and whether saccharides other sucrose than can be carbon suppliers. In this study, we investigated the molar concentration dependence of generated materials to optimize solution density. Furthermore, the possibility of CNT synthesis from saccharides other than sucrose was examined with the resulting appropriate concentrations.
II. EXPERIMENTAL
A schematic diagram of our experimental setup is shown in Fig. 1(a) . Sucrose solutions, which acted as the carbon sources for synthesizing CNTs, were prepared with different concentrations ranging from 0.5 to 3.0 mol/L. The viscosity of each solution was measured using viscometer (Brookfield DV-II+ PRO). A copper rod (5 mm in diameter) was used as both anode and cathode. Electrodes were then submerged into each solution and connected to a DC voltage supplier (30 V). The gap between the electrodes was set to less than 0.5 mm. During the operation, discharge waveforms were monitored by an oscilloscope (LeCroy WaveSurfer 24MXs) to investigate whether the characteristics depended on the concentration of a solution. After the operation, the resulting solutions were thinned by distilled water (Otsuka Pharmaceutical Co., Ltd.) and then filtered with filter paper. The residual products were dried under air and dispersed into ethanol by a bath sonicator, which separated the relatively large-sized metal particles that had been generated by vaporization of the Cu electrode during the process. The solutions were dropped onto a transmission electron microscopy (TEM) micro grid and dried for one day in a desiccator. The specimens were then observed by TEM (Hitachi H-9500, acceleration voltage: 200 kV) and analyzed by Raman spectroscopy (Seki Technotron STR-250, excitation wavelength: 488 nm).
III. RESULTS AND DISCUSSIONS
With the electric spark, the carbon soot was generated in the gap between the copper electrodes, as shown in Fig. 1(b) because sucrose molecules were decomposed by the arc plasma. Figures 2(a) and 2(b) are the typical TEM images of tube-like-structures and of sphere-like structures, respectively. The TEM images reveal that the soot includes both multi-walled CNTs (MW-CNTs) and polyhedral multi-shelled particles with high crystallinity, and that the MW-CNTs are much shorter than previously reported CNTs synthesized by the arc discharge method in water [10, [20] [21] [22] [23] [24] [25] [26] . CNT length reported by Hsin et al. [10] is about 500 nm; in contrast, the MW-CNTs presented here are a few hundred nanometers in length. This disparity in length may be attributed to the variances in the carbon sources. In the general production of CNT by the arc method, carbon atoms are supplied from graphite electrode [27] , while the solution is a carbon supplier in our method; the quantity of the provided CNT precursors is conceivably much less than that by general CNT synthesis. However, the crystallinity of the nanocarbon materials from sucrose is as good as typical MW-CNT produced under inert atmosphere [27] , as shown in the TEM images. A typical Raman spectrum of the obtained product, which was produced in 1.0 mol/L of sucrose solution, is shown in Fig. 2(c) . The spectrum looks similar to amorphous carbon [28, 29] and does not seem to correspond to the TEM images (Figs. 2(a) and (b) ). This finding may be caused by a very small sphere-like structure because the majority structures were the polyhedral particles according to the TEM observation; the size of the products strongly influenced the intensity and the bandwidth of the Raman scattering [28] . The two main peaks, which are the G-band corresponding to the graphite peak at around 1600 cm −1 and the D-band corresponding to the disorder-induced peak at approximately 1350 cm −1 , identify the structure of nanocarbon materials. In gen- eral, the quality of the CNTs (i.e., crystallinity) can be estimated by the intensity ratio of the G-and D-bands. The red line in Fig. 2(b) is the well-fitted curve of the experimental data. We estimate the G/D ratio from the peak position of the fitting curve, and the value of ∼1.8 was obtained. Figure 2(d) shows the typical waveforms of relatively longer-term electric discharge when 1.0 mol/L of sucrose solution was used. An one-shot spark waveforms is shown in Fig. 2(e) . The lower red line indicates the discharge current and the upper blue line the applied voltage between electrodes. The discharge duration time is significantly shorter (about 10 times smaller) than in the case of using graphite electrodes [26] . Voltage drop appeared with increases in the discharge current. The applied voltage (30 V) is indeed constant but it does not immediately recover due to the responsivity of the power supply.
To investigate the molar dependence of the products, we analyzed the samples, which were synthesized from sucrose solutions of different densities, using Raman spectroscopy. Figure 3 is the relationship between the average G/D ratio and the molar concentration of sucrose solution. With increases in the molar concentration of the sucrose solution, the G/D ratio tends to decrease. Generally, because a larger G/D ratio means that the samples are of high quality, lower concentration can be better obtained (i.e., high crystallinity). The reason for this apparent contradiction, the higher concentration supplying many carbon atoms, is due to the viscosity of the solution. In higher concentrations, where solutions have high viscosity, electric discharge is not continuous and the sucrose molecules are insufficiently decomposed. The evidence for this assertion is that the number of electric sparks decreases with increasing the viscosity, as shown in Fig. 4 . High liquid viscosity may help to keep the bubble around the discharge zone, and the discharge is expected to become more stable, however, the generated bubbles are considered to be collapsed before the following discharge because the sparks are intermittent in the case of Cu electrode ( Fig. 2(d) ). We therefore believe that the quantities of CNT precursors in the higher concentrations are relatively fewer than in the lower concentrations. Figure 5 further reveals that the consumption power decreases with increases in molar concentrations. Because the consumption power (illustrated in the inset of Fig. 5 ) is determined by the time integral of electric power, reducing the consumption power corresponds to a shorter period of the discharge time. The existence of carbon soot generated during operation may play sustaining the electric discharge [30] . The production rate was, however, very low compared with in the case of using graphite rod as carbon source; hence the soot is expected to not contribute to the conductive path of sparks in our experiment. Decomposition of sucrose molecules and the resulting nanocarbon material synthesis require not only http://www.sssj.org/ejssnt (J-Stage: http://www.jstage.jst.go.jp/browse/ejssnt/)a sufficient duration of electric discharge but also a large amount of output power. We therefore believe that if a sufficient electric discharge is constantly supplied, MW-CNT and/or multi-shelled polyhedral particle of a higher quality would be synthesized in higher sucrose concentrations. Figures 3 and 5 also imply that the highest position of the G/D ratio and consumption power exists in a concentration lower than 0.5 mol/L. We have not yet attempted this stage. Furthermore, we used other saccharides (fructose, glucose, lactose, and maltose) as carbon sources to investigate whether they can act as CNT precursors. To match the carbon contents in the earlier solutions, 0.5 mol/L of solution was prepared for the disaccharides (lactose and maltose), while a density of 1.0 mol/L was used for the monosaccharides (fructose and glucose). If carbon materials were obtained, D-or G-peak should be appeared in the Raman spectra. However, no any signal of them was observed even though the average consumption power of these four kinds of saccharides is almost the same as that of sucrose. No crystallized nanocarbon materials except for a few amount of amorphous carbon were also observed by TEM although longer-time observation than in the case of sucrose was carried out. This implies that only sucrose can provide CNT precursors in the experimental condition created here. Except for sucrose, it is not clear whether an optimum concentration of saccharides exists and whether they are suitable for CNT synthesis. Further study is required to elucidate these points.
IV. CONCLUSIONS
We found that the optimal concentration of sucrose solution for CNT synthesis, carried out in a solution with carbon supplied by a spark between metal electrodes, is 0.5 mol/L in the range between 0.5-3.0 mol/L. It is easier to generate and maintain an electric discharge with the lower concentration. A very large number of carbon atoms are preferred to synthesize CNTs, yet the consumption power of electric discharge and the viscosity of sucrose solution play a significant role in this method. Furthermore, we examined the possibility of using other saccharides other than sucrose (fructose, glucose, lactose, and maltose) as carbon suppliers. Although the same concentration was used for them as sucrose, no indication of nanocarbon material synthesis was observed.
